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ABSTRACT
We present CO observations toward a sample of six Hi-rich Ultra-diffuse galaxies
(UDGs) as well as one UDG (VLSB-A) in the Virgo Cluster with the IRAM 30-m
telescope. CO J=1-0 is marginally detected at 4σ level in AGC122966, as the first
detection of CO emission in UDGs. We estimate upper limits of molecular mass in other
galaxies from the non-detection of CO lines. These upper limits and the marginal CO
detection in AGC122966 indicate low mass ratios between molecular and atomic gas
masses. With the star formation efficiency derived from the molecular gas, we suggest
that the inefficiency of star formation in such Hi-rich UDGs is likely caused by the low
efficiency in converting molecules from atomic gas, instead of low efficiency in forming
stars from molecular gas.
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1 INTRODUCTION
Ultra-diffuse galaxies (UDGs) are extremely low surface
brightness galaxies at the optical and near-IR wavelengths
(Papastergis, Adams & Romanowsky 2017). They have
drawn much attention from both observers and theorists
since the discovery of 47 UDGs in the Coma cluster (van
Dokkum, et al. 2015). Observations of UDGs mainly focused
on optical and near-IR studies (van Dokkum, et al. 2015; van
der Burg, Muzzin & Hoekstra 2016; Yagi, et al. 2016), which
show that the stellar components are much less than those
in normal galaxies. A sub-set of UDGs, which have high Hi
to stellar mass ratio and were normally found outside galaxy
clusters, have been discovered in Hi observations with large
single dish radio telescopes, such as Arecibo, Effelsberg and
GBT (Roberts, et al. 2004; Leisman, et al. 2017; Spekkens
& Karunakaran 2018). High angular resolution observations
with radio interferometers (Leisman, et al. 2017; Ball, et al.
2018; Mihos, et al. 2018; Brunker, et al. 2019) showed that
Hi emission are more extended than the stellar components
traced by optical images. The line widths (FWHM) of Hi
detected by single dishes (Roberts, et al. 2004; Leisman, et
al. 2017; Spekkens & Karunakaran 2018) and interferome-
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ters (Leisman, et al. 2017; Ball, et al. 2018; Mihos, et al.
2018) in such galaxies are only about or even less than 100
km s−1. Such small linewidths led difficulties for determin-
ing dynamical mass of whole galaxy with large uncertainty
of inclination angle.
With extremely high ratios of gas to stellar mass and
with low stellar mass (Leisman, et al. 2017; Mihos, et al.
2018), such Hi-rich UDGs should have inefficient star for-
mation, low star formation rate (SFR), and low star for-
mation efficiency (SFE) across cosmic time. Hi-rich UDGs
with a size of the Milky Way may be “failed” L? galaxies or
“failed” smaller galaxies, depending on the estimated halo
mass (Leisman, et al. 2017).
There are two major steps to form stars from Hi gas:
atomic gas converts to molecular gas, and molecular gas
form stars. So, molecular to atomic gas fraction is a key pa-
rameter to understand the inefficient star formation in such
galaxies. However, the lack of molecular gas information of
such galaxies prohibits further distinction about which step
is more crucial for the inefficient star formation in the his-
tory. Therefore, CO observations toward a sample of Hi-rich
local UDGs would help answer such questions: The ineffi-
cient star formation in such UDGs is caused by difficulties
of forming molecular gas from atomic gas, or failed star for-
mation from molecular gas?
Although there have been several CO observations with
© 2020 The Authors
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few detections (O’Neil, Hofner & Schinnerer 2000; Matthews
& Gao 2001; Matthews, et al. 2005; Das, Boone & Vialle-
fond 2010; Cao, et al. 2017) toward Hi rich Low Surface
Brightness Galaxies (LSBGs), which have quite high gas to
star mass ratios, there is still no report on CO observations
toward UDGs in the literature, up to now.
In this letter, we describe CO line observations and data
reduction of a small sample of UDGs with the IRAM 30-m
telescope in §2, present the main results and discussions in
§3, and make the brief summary and future prospects in §4.
2 OBSERVATIONS AND DATA REDUCTION
We select six Hi-rich UDGs from the literature (Leisman, et
al. 2017; Papastergis, Adams & Romanowsky 2017; Bellazz-
ini, et al. 2017; Trujillo, et al. 2017; Brunker, et al. 2019) to
perform CO line observations, because they have enough gas
materials to form stars. The sample includes three Milky-
Way-sized ones with Hi mass ≥109M, three dwarf galaxies
with Hi mass < 2.5×108M (see Table 1), and VLSB-A,
which is one of the three UDGs in the Virgo Cluster with
velocity measured through optical spectra toward the nu-
cleus (Mihos, et al. 2015).
The observations were carried out from July 31 to Au-
gust 3, 2018 with the IRAM 30-m millimeter telescope at
Pico Veleta, Spain1. The Eight MIxer Receiver (EMIR)
with dual polarizations, FTS backend, and standard wobbler
switching mode with ±120′′ offset at 0.5 Hz beam throw,
were used. Focus calibrations were done at the beginning
of the observations and during sunset or sunrise, toward
planets or strong millimeter quasars. Pointing calibrations
were done every 2 hours using nearby quasars. CO 1-0 at
E0 band and CO 2-1 at E2 band were covered simultane-
ously our observations. The observing frequency of CO 1-0
varies from ∼112.35 GHz with typical system temperature of
150K in SECCO-dI-1 to ∼115.273 GHz with typical system
temperature of 300K in VLSB-A. The system temperature
also varies with different weather conditions and elevations
of telescope. One the other hand, CO 2-1 observations are
from ∼ 224.7 GHz to 230.5 GHz, while the typical system
temperature is about 500K and strongly depends on weather
conditions and elevations of telescope.
The pointing center of each source is listed in Table
1. The optical images of these sources from the PTF (the
Palomar Transient Factory) (Law, et al. 2009; Rau, et al.
2009) or the ZTF (the Zwicky Transient Facility) (Bellm, et
al. 2019) are presented in Figure 1 and 2.
The data were dumped every 1.7 minutes as one scan,
and calibration was done every 6 scans. The beam sizes of
the IRAM 30-m telescope are about 22′′ for CO 1-0 and 11′′
for CO 2-1, respectively. The conversion from T∗A to Tmb is:
Tmb = T∗AFeff/Beff , where Feff=95% and Beff = 81% for CO
1-0, while Feff=92% and Beff = 59% for CO 2-1.
The CLASS package of GILDAS2 was used for data re-
duction. The effective on-source time and the noise level for
each source are listed in Table 2. First order baseline fitting
1 Based on observations carried out with the IRAM 30m Tele-
scope. IRAM is supported by INSU/CNRS (France), MPG (Ger-
many) and IGN (Spain).
2 http://www.iram.fr/IRAMFR/GILDAS
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Figure 1. Top: CO 1-0 spectrum of AGC122966 obtained with
IRAM 30 meter, with velocity resolution of 14.53 km s−1. Bot-
tum: The beams of IRAM 30 meter telescope for CO 1-0 (solid
circle) and 2-1 (dashed circle) overlaid on the PTF (the Palomar
Transient Factory) (Law, et al. 2009; Rau, et al. 2009) R band of
AGC122966.
was done for each spectrum with 1.7 minutes integration
time. Then we smoothed and resampled each spectrum to ∼
10 km s−1, before averaging all spectra of each target (Fig.
1) with a weighting of 1/T2sys. For each target, we calculated
the standard deviation of each channel across all spectra.
This gives a channel based noise, which is pretty flat for all
sources and is consistent with the rms value from the final
spectrum obtained with standard method using class task
‘average’ f in each source. Even though the rms noise in-
creases with the increasing of the frequency at 3mm band
due to the O2 line in the earth’s atmosphere, it is almost the
same within ±500 km s−1 for the observed CO 1-0 line.
The noise level (σ) in Tmb for each source is listed in Ta-
ble 2 are obtained from the averaged spectrum at the orig-
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inal frequency resolution (0.195 MHz), with line free chan-
nels using CLASS task ‘base’ with first order polynomial.
The upper limits of flux are calculated with 3σ × √δv × ∆V ,
where σ is the rms noise from the final spectrum for each
source with 0.195 MHz resolution, δv is the velocity reso-
lution corresponding to 0.195 MHz (∼ 0.5 km s−1), and ∆V
is 50 km s−1, as the assumed line width. For most of the
sources, since the observations were done in summer time,
CO 1-0 data were much better than CO 2-1 due to weather
conditions. Thus, CO 1-0, instead of CO 2-1 data, are used
for estimation of the upper limits.
3 RESULTS AND DISCUSSION
CO 1-0 emission is marginally detected in AGC122966 at
4 σ level with velocity integrated flux of 0.23±0.057 K km
s−1 in Tmb (see Figure 1), while only upper limits at can
be estimated in other sources. The velocity range of CO 1-
0 emission in AGC122966 is from about +50 to +150 km
s−1, relative to the systematic velocity obtained from the Hi
21-cm emission.
The CO 2-1 line of AGC122966, which was obtained
simultaneously, was not detected at 3σ. The non-detection
of CO 2-1 may caused by the high system temperature at the
1.3 mm band. Further more, CO 2-1 has smaller beam size,
which is only 25% of the CO 1-0 beam coverage. So, if the CO
emission is clumpy and located off the pointing center of this
observation, it is possible that CO clump is not fully covered
by the CO 2-1 beam. To present the difference of the beam
sizes, we overlay the beams on the stacked R-band images
of AGC122966, which are from the intermediate Palomar
Transient Factor (PTF) survey, and show it in Figure 1.
The velocity integrated luminosity of CO 1-0 (LCO) in
AGC122966 is 2.2±0.54 K km s−1 pc−2, using the formula
pi
4ln2 θ
2
mb
I×D2L×(1+z)−3 (Solomon, et al. 1997; Gao & Solomon
2004; Jiang, et al. 2015), where θmb=22
′′ is the main beam
size of the observation, I is the velocity integrated flux in
Tmb, DL is the luminosity distance of the galaxy, and z is the
redshift. The CO 1-0 emission is out of Hi velocity range
(Leisman, et al. 2017; Mancera Pin˜a, et al. 2019) within ±45
km s−1. The marginal detection of CO 1-0 might not be
real because of the different velocity ranges of Hi and CO
1-0. However, even though no related Hi 21-cm line emis-
sion at the same velocity range as that of the CO 1-0 peak
are reported, weak Hi 21-cm below the detection limit in
the literature are still possible, which means that the CO
1-0 detection can still be real. Last, even if the 3σ upper
limit of CO 1-0 is adopted to estimate molecular gas mass
of AGC122966, instead of using the detection, the main re-
sult is still similar to considering this feature as detection.
The metallicity in UDGs is difficult to be measured
due to weak optical emission. Only SECCO-dI-2 and UGC
2162 have such measurements in the literature, which gave
low metallicities of 8.2±0.2 of 12+log(O/H) for SECCO-dI-2
(Bellazzini, et al. 2017) and 8.22±0.07 of 12+log(O/H) for
UGC 2162 (Trujillo, et al. 2017), respectively. SECCO-dI-2
and UGC 2162 do not follow the mass-metallicity relation
in galaxies (Berg, et al. 2012), which gave the metallicity
of ∼7.6 for 12+log(O/H) for galaxies with similar mass to
SECCO-dI-2 as M∗=0.9 × 107M (Bellazzini, et al. 2017)
or UGC 2162 as M∗=2.0 × 107M (Trujillo, et al. 2017). A
tentative evidence that the gas-phase metallicities in diffuse
systems are high for their stellar mass had been found in
two UDGs (Greco, et al. 2018). With limited information
of metallicity measurement toward these UDGs, we would
like to assume similar metallicity to that of SECCO-dI-2 in
these UDGs in our discussion.
For galaxies with a metallicity of 8.2±0.2, the conver-
sion factor (αCO), which converts from CO luminosity to
molecular mass, should be higher than that in the Milky
Way, base on the relation of metallicity and αCO (Bolatto,
Wolfire & Leroy 2013; Shi, et al. 2016). αCO (8.6M/K km
s−1pc2 ), with twice of that in the Milly Way as a reason-
able value for such metallicity, is adopted (see Table 2). The
molecular gas mass in AGC122966 is then estimated to be
1.9±0.46× 108M, if the emission feature is real. The H2/Hi
mass ratio is 0.19±0.05, while it ranges from ∼0.03 to 3 in a
large sample of galaxies (Jiang, et al. 2015).
Using the same method as for AGC122966, the non-
detection of CO emission in most of these Hi-rich UDGs can
give 3σ upper limits of molecular gas mass, assuming a line
width of 50 km s−1 in each galaxy. Upper limits of H2/Hi
mass ratios for each galaxy can also be estimated (see Table
2), which are from 0.012 in UGC 2162 to 0.083 in SECCO-
dI-1. The upper limit of molecular gas mass is also estimated
for AGC 122966 if that emission feature is not real. The 3 σ
upper limit of CO 1-0 in AGC 122966 is about 1/4 of the flux
of that feature, not only because that feature is only 4σ, but
also because the line width of that feature is more than 50
km s−1. Note that the pointing centers of our observations
are with about 15′′ and 9′′ offsets from the optical centers in
AGC 334315 and ComaP (see Figure 2.), respectively. The
offset for AGC 334315 is about 70% beamsize of CO 1-0,
while it is about 40% for ComaP. Most of the emission at
optical band in ComaP can be covered with the beam of
CO 1-0 observation. However, only 1/3 to 1/2 of the optical
emission region in AGC 334315 can be covered by CO 1-0
beam. Such offset can cause underestimation of CO upper
limit in these two galaxies, which can further cause about a
factor of 2 in ComaP or 3 in AGC 334315 underestimation
of H2/HI ratio and overestimation of SFR/MH2 .
The ratio of molecular mass and stellar mass, MH2/M∗,
in each galaxy, is also derived and listed in Table 2. The up-
per limits of this ratio range from 0.12 to 10, while this ratio
ranges from ∼ 0.01 in massive galaxies with M∗ ∼ 1011.5M
to ∼ 1 in low mass end with M∗ ∼ 108.5M, decreasing with
M∗ at the massive end and flatten at the low mass end
with large scatter (Jiang, et al. 2015). No clear difference
of MH2/M∗ between Hi-rich UDGs to normal galaxies can
be justified with current results. On the other hand, the ra-
tios of MHI/M∗ in these HI-rich UDGs, range from 8.3 to
120, are much higher than that in normal galaxies ranging
from ∼ 0.01 at massive part to almost ten in the low mass
end (Jiang, et al. 2015).
The low H2/Hi mass ratios, i.e., the lack of molecu-
lar gas, in these Hi-rich UDGs, all of which are less than
0.1 (see Table 2), might be the main reason of inefficient
star formation, while such ratio in normal galaxies are from
∼ 0.03 to ∼ 3 with a median value of ∼ 0.3 (Jiang, et al.
2015). If only the molecular gas was used for calculating
SFE (SFR/MH2 ), such value will not be significantly lower
than that in nearby spirals as (5.25±2.5) × 10−10yr−1 (Leroy,
et al. 2008). The SFR in AGC122966, the one with tentative
MNRAS 000, 1–6 (2020)
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CO 1-0 detection, is 0.022 M yr−1 (Leisman, et al. 2017),
which gives an SFE of 1.3×10−10yr−1. On the other hand,
with an SFR of 0.045 M yr−1 (Leisman, et al. 2017) and a
non-detection of CO 1-0 in AGC 334315, the derived SFE
with molecular gas is greater than 12.1 ×10−10yr−1, which
is much higher than that in nearby spirals. Therefore, we
suggest that the inefficient star formation in such galaxies is
mainly due to the low efficiency of forming molecules from
atomic gas, instead of forming stars from molecular clouds.
With limited information of metallicity in these UDGs,
the adopted αCO may be lower than the real value, which
would underestimate molecular gas mass. In this case, low
SFE for molecular gas can not be the only explanation of
inefficient star formation in such Hi-rich UDGs. Deep CO ob-
servations toward UDGs with ALMA, as well as metallicity
measurement with deep optical spectroscopic observations,
will help us to derive molecular gas mass and determine the
reason of inefficient star formation.
Since molecular gas and stellar masses are much less
than the atomic mass in such galaxies, the baryonic mass
can be estimated with only Hi, to derive the dynamical-to-
baryonic mass ratios. As discussed in the literature (Leis-
man, et al. 2017; Brunker, et al. 2019), the total masses es-
timated with dynamics are not massive enough, such Hi-rich
UDGs should not be failed L? spiral galaxies, even though
some of them have Hi and optical sizes similar to those of
L? spiral galaxies.
The properties of such galaxies, such as high halo spin
parameters (Leisman, et al. 2017), may bring down the ef-
ficiency of forming molecules from atomic gas. AGC122966,
with marginal detection of CO 1-0 emission, is the galaxy
with lowest MHI/M∗ ratio (see Table 1) among the 6 Hi-rich
UDGs. The relatively high H2/Hi ratio in AGC122966 may
cause higher star formation rate than other Hi-rich UDGs
in the past and nowadays, which can further explain the rel-
atively low MHI/M∗ ratio in AGC122966. Or, if that emis-
sion feature is not real, AGC122966 will be similar to other
UDGs. Further confirmation of CO emission in AGC122966
with millimeter interferometers, such as ALMA or NOEMA,
is necessary to make a conclusion.
4 SUMMARY AND FUTURE PROSPECTS
As the first survey observations of CO 1-0 and 2-1 toward
a sample of Hi-rich UDGs with the IRAM 30-m telescope,
we marginally detected CO 1-0 in one galaxy (AGC122966)
at 4σ level. The non-detection of CO lines in other sources
provides good upper limits of molecular masses, which help
estimate upper limits of molecular gas mass. We find low ra-
tios of molecular to atomic mass, which indicate that the in-
efficient star formation in such Hi-rich UDGs should mainly
be caused by the difficulty of forming molecules from atomic
gas, while the star formation efficiency derived for molecular
gas is not significantly lower than normal spirals. An alter-
native possibility is that CO lines are no longer good tracers
of molecular gas in UDGs, because the metallicity might be
lower than assumed.
Further large-sample high-sensitivity CO observations
with ALMA can better derive molecular mass in such galax-
ies and can better provide the molecular to atomic mass ra-
tios. ALMA observations can also provide the spatial distri-
bution of molecular gas, which can be used to compare with
star formation informations using further optical emission
line observations.
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Table 1. Source list
Source name RA(J2000) DEC(J2000) cz Dist re MHI MHI /M∗ SFR References
km s−1 Mpc kpc 109M Myr−1
AGC 122966 02:09:29.0 +31:51:15.0 6518 90 7.4±3.3 1.0 8.3 0.022 1
SECCO-dI-1 11:55:58.5 +00:02:36.3 7791 112 2.6 1.2 120 ... 2
AGC 334315 23:20:11.0 +22:24:10.0 5100 73 4.2±1.1 1.4 23 0.045 1
UGC 2162 02:40:23.1 +01:13:45.0 1172 12.3 1.7 0.19 10 8.7×10−3 3
SECCO-dI-2 11:44:33.8 -00:52:00.9 2543 40 1.3 0.24 27 ... 4
Coma P 12:32:10.3 +20:25:23.0 1348 5.5 <1 0.035 81 3.1×10−4 5
VLSB-A 12:28:15.9 +12:52:13.0 -120 16.5 9.7 ... ... ... 6
The sources are separated into 3 sub-groups: Milky Way size HI-
rich UDGs (AGC 122966, SECCO-dI-1 and AGC 334315), dwarf
HI-rich UDGs (UGC 2162, SECCO-dI-2 and Coma P), and one
UDG without HI detection in the Virgo Cluster.
References:1. Leisman, et al. (2017), 2. Bellazzini, et al. (2017),
3. Trujillo, et al. (2017), 4. Papastergis, Adams & Romanowsky
(2017), 5. Brunker, et al. (2019), 6. Mihos, et al. (2015)
Table 2. Observational results
Source name on-source time rmsa I(CO 1-0)b L(CO) MH2
d MH2/MHI MH2/M∗ SFR/MH2
Minutes mK K km s−1 107K km s−1 pc−2 108M 10−10yr−1
AGC 122966 336 3.5 0.23±0.057 2.2±0.54 1.9 ± 0.46 0.19 ± 0.05 1.6 ± 0.4 1.3
<0.053c <0.50 <0.43 <0.043 <0.36 >5.7
SECCO-dI-1 316 5.2 <0.078 <1.2 <1.0 <0.083 <10.0 ...
AGC 334315e 432 4.4 <0.066 <0.43 <0.37 <0.026 <0.60 >12.1
UGC2162 107 9.6 <0.14 <0.027 <0.023 <0.012 <0.12 >37.8
SECCO-dI-2 294 5.7 <0.086 <0.17 <0.15 <0.071 <1.9 ...
Coma Pe 95 19.6 <0.29 <0.011 <0.0095 <0.027 <2.2 >3.3
VLSB-A 121 12.5 <0.19 <0.067 <0.058 ... ...
a. in Tmb with frequency resolution of 0.195 MHz, which corre-
sponds to ∼ 0.5 km s−1 at 115GHz. b. 3σ upper limits for ve-
locity integrated flux for 50 km s−1 line width in Tmb . c. 3σ
upper limit estimation for AGC 122966 if that feature is not real.
d. αCO=8.6M/K km s−1pc2 is used for estimating molecular
gas mass. e. The offsets of the pointing centers to the centers of
optical emission is about 15′′ for AGC 334315 and 9′′ for Coma
P, which can cause under-estimation of the upper limits of CO
emission in these two galaxies.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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